In October of 2003 a fleet of autonomous underwater gliders began a time series of transects across the New Jersey shelf. The gliders are equipped with a conductivity-temperature-depth sensor, and some carry optical ECO-sensor pucks. The physical-optical data are used to examine storm-induced sediment resuspension. There are two types of storm response found. In summer, the seasonal stratification limits midshelf sediment resuspension to below the pycnocline even during hurricanes. In contrast, winter storms suspend sediment throughout the full water column. The transition between summer and winter seasons starts with surface cooling that preconditions the shelf for rapid mixing during fall storms. The mixing storm of October 2003 was a classic northeaster. Early in the storm when waves were high, sediment resuspension was limited to below the pycnocline. After the pycnocline eroded through growth of the bottom boundary layer, particles immediately filled the full water column. The spectral ratio of backscatter indicated that the particles were likely similar materials both before and after the stratification was eroded. The backscatter profiles in the bottom boundary layer decay with distance from the bed at rates consistent with theory but with variable slopes. The reduced slope of the backscatter profiles increased after stratification was lost, which is consistent with an increase in vertical transport or turbulent mixing. Wave bottom orbital velocities during this time were decreasing, and the glider vertical velocities showed no enhancement consistent with Langmuir cells. Enhanced mixing was related to the interaction of the surface and bottom boundary layers while the stratification was eroded, and the observed variability in the resuspension during the event was also due to the tide.
Storm-driven mixing events are episodic but important physical processes in the oceans (Wiggert et al. 2000; Chang et al. 2001; Zedler et al. 2002) . It is known that these events play an important, but as yet poorly quantified, role in the ecosystem dynamics of the ocean (Babin et al. 2004) . Mixing events are especially significant on continental shelves, where storm events can affect the full water column and the sediment bed below (Chang et al. 2001 ). Yet traditional sampling techniques are limited by the extreme conditions experienced in storms, biasing observations to fair weather conditions. The Middle Atlantic Bight (MAB) experiences severe tropical and extratropical coastal storms during the summer and early autumn (Colle 2003; Evans and Hart 2003; Jones et al. 2003; Landreneau 2003) . These seasonal storms often track along a corridor running parallel to the coast between the shelf break and several tens of kilometers inland (Fig. 1A) . In late autumn and winter months severe northeasters are formed through rapid cyclogenesis associated with the Gulf Stream off Cape Hatteras (Sanders and Gyakum 1980; Nielsen and Dole 1991; Keim et al. 2004) . In addition to the significant human safety issues associated with these storms, they play a disproportionately large role in the transport of particulate material on the continental shelf (Keen et al. 1994; Styles and Glenn 2005) .
Sediment transport processes on continental shelves are often characterized in terms of the turbulent interactions between combined wave and current flows (Grant and Madsen 1979) . High bottom shear stress associated with the thin oscillatory wave boundary layer acts to mobilize the sediment so that it is available for transport by the mean currents. The combination is an efficient sediment transport mechanism, since the turbulence associated with the thicker pure current boundary layer may not be sufficient to initiate sediment motion and, to first order, the oscillatory motion of the waves results in little net sediment transport. In cases when the waves and currents are strong enough to suspend bed sediment in the water column, the process is often modeled as a Fickian balance between the tendency of the turbulence to lift sediment above the bed and the countertendency of the sediment fall velocity to return it (Smith and McLean 1977; Glenn and Grant 1987) . In the absence of sediment induced selfstratification, the balance results in a standard Rouse profile where the suspended sediment concentration decays with distance from the seabed at rates that appear constant on log-log scales.
Tides with timescales shorter than the typical northeaster are expected on a theoretical basis to impact the temporal characteristics of sediment transport and deposition patterns during MAB storms (Keen and Glenn 1994, 1995) . In these cases, strong winds from the northeast result in a downwelling condition, where transport near the bed is predominantly alongshore but with a cross-shore component in the offshore direction. In their model results, the smaller cross-shore component was similar in magnitude to the predominantly cross-shore tides, resulting in little crossshore transport on an incoming tide and, owing to the nonlinear interactions of the turbulence scales, significantly more offshore transport during outgoing tides. The resulting nonzero average tidal contribution enhances the offshore transport during the northeaster.
Comprehensive understanding of these interactions were expanded as studies incorporated the time-varying seafloor ripple roughness (Traykovski et al. 1999; Styles and Glenn 2002; Traykovski 2007 ), wave-current interactions, and suspended sediment induced stratification (Styles and Glenn 2000) . Styles and Glenn (2005) used a 2-y innershelf data set and applied the improved bottom boundary layer models during sediment transporting storms and found that the alongshore transport was southward as expected, but the cross-shore component of the observed transport was predominantly onshore at their measurement site. Thus despite the expectation that northeasters should produce downwelling circulation with offshore bottom transport that is reinforced by the tides, other local scale processes must be in effect. Some of the potential factors underlying these unknown processes include potential topographic interactions that operate over the relatively small (a few kilometers) scale of the ubiquitous ridge and swale topography of the MAB inner shelf (McBride and Moslow 1991) , or over the larger (a few tens of kilometers) scale of the topographic highs that impact the location of summertime upwelling centers (Glenn et al. 2004b ). Additionally, Gargett et al. (2004) identified full water column Langmuir cells as a significant driver of sediment resuspension events at the same inner-shelf location. Finally, sediment transport patterns are also influenced by the vertical mixing of the resuspended sediment, which can be inhibited by stratification.
The MAB experiences seasonal warming, freshwater river inputs, and alongshelf transport from the north that result in a strong summer pycnocline (Beardsley and Boicourt 1981; Biscayne et al. 1994; Castelao et al. 2008) . Summertime temperature differences of up to 15uC over depths of just a few meters are commonly observed. In contrast, the winter conditions are well mixed over the full water depth. The transition between stratified and well mixed usually occurs in late September or October and is most often associated with a storm mixing event rather than cooling of the surface that results in vertical overturning (Beardsley and Boicourt 1981) . Even though the dominant southwest to northeast track of the winter and summer storms is similar, the strength of the seasonal pycnocline limits turbulent transport across the layer in summer. This suggests that the sediment transport response in summer and winter storms may be different due to the differences in stratification.
This study first examines data from summer and winter storms to identify the differences, and then focuses on a fall transition mixing storm to compare sediment resuspension during both weakly stratified and unstratified conditions. In order to study the spatial and temporal mechanisms of sediment resuspension and transport processes on the MAB continental shelf, we used autonomous Slocum gliders equipped with physical and optical sensors.
Materials and methods
This study was conducted in the Middle Atlantic Bight (MAB) off the New Jersey shore (Fig. 1B ) in waters continuously monitored by a shelf-wide coastal ocean observatory (http://marine.rutgers.edu/cool; Schofield et al. 2002; Glenn and Schofield 2004) . Satellites and high frequency radar provide spatial maps of the surface waters that are augmented with subsurface time series measurements made from the cabled Long-term Ecosystem Observatory (LEO) and a fleet of Slocum gliders (Glenn et al. 2004a; Schofield et al. 2007 ). Surface winds and waves are available from nearby weather buoys maintained by the National Oceanic and Atmospheric Association (NOAA) National Data Buoy Center, in particular, Sta. 44009, located offshore of Delaware Bay. Slocum gliders are a robust autonomous underwater scientific platform (Davis et al. 2003; Schofield et al. 2007 ) manufactured by Webb Research Corporation. They are 1.8-m long, torpedo-shaped, buoyancy-driven vehicles with wings that enable it to maneuver through the ocean at a forward speed of 20-30 cm s 21 in a sawtooth-shaped gliding trajectory. A full description of our scientific operation of the Slocum gliders can be found in Schofield et al. (2007) .
Each Slocum glider has a payload bay that houses a SeaBird conductivity-temperature-depth sensor and includes space for a range of additional sensors. The glider acquires its global positioning system (GPS) location every time it surfaces, which early on was set at once per hour in 2003 and later extended to once every 6 h in 2004. By dead reckoning along a compass bearing while flying underwater, estimates of depth averaged current can be calculated based on the difference between the glider's expected surfacing location and the actual new GPS position. Depth averaged current measurements obtained in this manner have been validated against stationary acoustic Doppler current profiler data on programmed flybys (Glenn and Schofield 2004) . These physical measurements are complemented with several different biooptical sensor options that often vary with each glider. The early gliders in the Rutgers fleet were outfitted with Hobi Labs HydroScat-2 sensors (http://www.hobilabs.com/); however, subsequent gliders have been equipped with dual WetLabs ECO-BB3 sensor pucks. These compact sensors have proved to be extremely stable with a wide dynamic range that spans most conditions encountered in our global deployments. The pucks provide spectral measurements of light backscatter along with the fluorescence of chlorophyll a (Chl a) and colored dissolved organic matter (CDOM).
The glider-based time series initiated in 2003 consists of a cross-shore endurance line that runs across the MAB shelf (Fig. 1B , Castelao et al. 2008) . The inshore side of the glider endurance line starts at the Long-term Ecosystem Observatory located 10 km off the Tuckerton shore and extends offshore to about the 100-m isobath, stopping just inshore of the intense fishing activity encountered at the shelfbreak. The length of the Tuckerton glider endurance line is about 120 km. Since the glider's typical horizontal speed is about 1 km h 21 , it usually takes about 5 d to cross the shelf. The glider was programmed to undulate between 2 m below the surface and 2 m above the bottom, surfacing every hour for a new position fix and to transmit data to shore. Since the inflections at the surface or bottom require 10-20 s to complete, profiles can and often do extend closer to the bottom than 2 m. During each 1-h time interval below the surface, between five and seven profiles were collected, dependent on the water depth. To conserve power, data on the initial deployments were collected on downcasts only. The first dive from the surface is clearly observed in each hourly segment with the near surface expression in the glider data.
The glider data is complemented by both atmospheric data and forecasts. Observations from the NOAA weather buoys were combined with Rutgers onshore meteorological network (http://climate.rutgers.edu/njwxnet/) that included a meteorological tower at the coast near Tuckerton that provided observations of wind speed and direction, temperature, and barometric pressure. Weather forecasts using the weather research and forecast model (Skamarock et al. 2005) were generated. Operationally, several model domains are run throughout the course of a day for the MAB region. The domains included spatial resolutions of 18 km, 10 km with a nested 2.5-km grid, and 12 km with a 4-km nested grid. The 18-km and 10-km domains used boundary conditions from NOAA National Center for Environmental Prediction (NCEP) global forecast system, and the 12-km domain used boundary conditions from the NCEP North American model. Sea surface temperatures from the NOAA 1/12u high-resolution real-time global analysis are used in the initialization of the model.
Results
The effect of stratification on resuspension-The long operational duration of autonomous underwater gliders, combined with their ability to continue sampling even during extreme weather, provides scientists a new platform for studying sediment transport processes during storms. In this example, each glider typically patrols the Tuckerton endurance line for 3-5 weeks at a time. Those gliders with payload bays equipped with optical backscatter sensors that respond to particles in suspension provide observations of sediment response with each passing storm. Because storm currents are often faster than the typical maximum glider forward speed of about 30 cm s 21 , each passing storm can be readily identified in the glider track data as a deviation from the alongshelf line. Two examples are illustrated in Fig. 2 . Glider track maps ( Fig. 2A and 2B) indicated that in both cases, the storm-induced currents (indicated by the vectors plotted along the track) were so strong the gliders could not maintain their cross-shelf transect. In each case, the glider's forward velocity was moving it cross-shelf to the southeast toward a distant offshore point, while the storm-driven currents moved it alongshore to the north ( Fig. 2A) or south (Fig. 2B) . The plots illustrate that the Lagrangian transport pathways during storms tend to be short, on the order 30 to 40 km during the most severe events.
The November 2003 northeaster ( Fig. 2A) passed inshore of the glider, resulting in an alongshore drift to the north. On 14 November 2003, the northeaster resulted in Delaware Bay buoy wind speeds that peaked at 18 m s 21 with wave heights at 3.2 m, and peak periods of 6 s. The northeaster passed through the area while the glider was at about a depth of 25 m to 35 m, close to the midshelf. Temperature data from the glider (Fig. 2C) are typical for the unstratified winter season. The high optical backscatter from resuspended particles detected by the glider filled the water column at midshelf (Fig. 2E) . The total duration of the resuspension event spanned more than one tidal cycle.
In contrast, the southward alongshore drift of the glider ( (Fig. 2D ). Winds at the Delaware Bay buoy peaked at 16 m s 21 with waves at significant heights of 3.8 m and peak periods of 8 s. During Hurricane Ivan the glider was deeper, near 40-50 m. In this case, the sediment particles identified by the high backscatter were lifted to the base of the thermocline (Fig. 2F ). Despite the intense mixing during the hurricane, the surface layer remained distinct from the bottom waters. The lack of response in the upper layer in the stratified season indicated that the backscatter events observed by the glider are most likely not bubbles that are being entrained from the surface as observed by Gargett et al. (2004) on the inner shelf. A similar mixing response within the lower water column only was observed for sediment resuspension on the outer shelf during Tropical Storm Ernesto, which also occurred when the shelf was still highly stratified (Bowers et al. unpubl.) . Similar to the winter storms, the Hurricane Ivan resuspension event again occurred over a timescale longer than tidal.
Observed differences between the stratified and unstratified response to storm events in Fig. 2 prompted the following detailed study of a fall transition storm. The transition storm is expected to exhibit characteristics of both stratified and unstratified flows as the storm progresses. Data from the fall transition storm in 2003 were acquired by the first glider mission along the Tuckerton endurance line as shown in Fig. 3 . The fall transect covers the time period from 28 October through 05 November 2003, with distance along-track measured from the starting point near LEO on the outbound leg. For the following discussion we consider 0-20 km from the LEO site as nearshore, 20-70 km offshore as midshelf, and 70-120 km as the outer shelf. Temperature and salinity data indicate that most of the midshelf region on 30 October and 01 November was well mixed. Inshore stratification on 28 October was very weak. Stratification on 02 November was present below about 40-m depth. The water was cold and salty, reflecting what remains of the summer cold pool. The glider also measured backscatter data along this same cross-section. Unlike temperature and salinity, the backscatter exhibited significant vertical variability and crossshelf structure. Enhanced backscatter was observed nearshore, and in a bottom nepheloid layer out to the 65-m isobath. Low backscatter was found offshore and in the salty waters below the deep thermocline, suggesting a slopewater source. At about 30 km offshore of LEO, two short-lived resuspension events were observed which resulted in enhanced backscatter throughout the water column. The initiation of these events and their subsequent decay was rapid, on timescales less than 1 h ( Fig. 3 ) and was correlated with a large fall transition storm.
A fall transition storm-The fall transition storm during this study was a classic ''northeaster'' event that occurred during late October and early November 2003. This storm began as a low pressure system that formed over North Carolina early on 29 October and rapidly propagated to the northeast, parallel to the coast. The center of the low pressure remained over land, passing New Jersey about midday on 29 October (Fig. 4A ) when the barometric pressure dropped to 998 hPa. As the storm center continued its rapid movement into Maine on 30 October, the backside of this northeaster impacted the New Jersey shelf (Fig. 4B ). The local wind records at the Tuckerton Meteorological Tower (Fig. 5) showed increasing winds initially from the southeast that then shifted direction with a strong burst of wind, approaching 10 m s 21 , from the northwest. In less than 6 h, the winds settled into a relatively steady period of westerlies for the next 12 h as barometric pressure climbed to 1025 hPa, and the sustained winds remained near 5 m s 21 . During this time significant wave heights at the Delaware Bay weather buoy (NOAA NDBC Buoy No. 44009) peaked at about 2 m on the evening of 29 October and decreased steadily on 30 October to 1 m by the end of the day. Wave spectral peak periods ranged from 9 to 11 s.
Density, temperature, and salinity at the beginning of the storm were typical for fall conditions on the New Jersey Shelf (Fig. 6C , D, E). While the surface waters were slightly cooler than the bottom water, the water column was stably stratified due to the high salinity (32.7-32.9) near the bottom with a weak pycnocline at about 20 m below the surface. Below the pycnocline, backscatter values (b b 470 nm) were three to four times higher than the surface waters. The weak water column stratification was eroded during the October 29th storm, transitioning to a fully mixed water column. Coincident with the erosion in stratification, there was a rapid increase in optical backscatter throughout the full water column at 0400 Greenwich mean time (GMT). By 0900 GMT, backscatter values declined with only a very thin layer of particles detected near the bed. This was followed with an abrupt change at 1000 GMT where the backscatter increased again for 2 h. The first full water column high backscatter event occurred over a seafloor that was sloping sharply up in the cross-shelf direction of the glider track, while the second occurred when the bottom was sloping slightly downward.
The portions of the water column associated with high values of b b 470 had low spectral backscatter ratios (Boss et al. 2004 ) (b b 470/b b 676, Fig. 6B ) compared with the upper water column early in the event. In the high backscatter regions, the 20-30% range in the spectral ratio reflected a flattening in the backscatter spectrum. The relative shift in the material present in the water column was evident in the early periods of the storm when the backscatter ratio was lower in waters below the pycnocline and two to three times higher in the upper water column waters. When the pycnocline eroded and bottom material was injected into the surface waters, the backscatter ratio values dropped throughout the water column coincident with the enhanced backscatter. The variability in backscatter spectra also suggests that it would be difficult to convert the backscatter data to a particle concentration without information on the particle type and size distribution; however, we believe the threefold to fourfold increase in b b during resuspension events does reflect changes in concentration. To minimize the need for conversion to particle concentrations, subsequent analysis of backscatter data will be in terms of relative values within each profile. Profile to profile comparisons assume the bottom sediment is relatively uniform, a relatively safe assumption at midshelf in the MAB.
Geologic setting-During the last ice age of the Pleistocene, glaciers advanced as far south as Long Island. The MAB shelf remained south of the ice edge, was above sea level, and was covered with a network of river valleys dominated by the Hudson, Delaware, and Chesapeake Bay outflows. During the ensuing Holocene, sand and gravel deposited by the glacial meltwater streams was reworked by the rising Atlantic as the glaciers receded, leaving much of the MAB covered with a layer of sandy sediments. The spatial distribution of bottom sediment types in the MAB was summarized by Amato (1994) using data mostly from U.S. Geological Survey databases or state geological surveys and compiled for oil and gas lease sales. The main feature of the MAB sediment distribution is the nearly shelf-wide alongshelf band of greater than 75% medium (0.025-0.05 cm) to coarse (0.05-0.2 cm) grained quartz sand with an average thickness of 5 m. A narrow band of mixed medium to fine sand and silt covers the shelf break, with deepwater sediments further offshore consisting of greater than 75% clay. The most notable large-scale exception to this alongshore banding is the large mud patch that occurs south of Martha's Vineyard and extends from midshelf to the shelf break. Most of the New Jersey shelf is in the medium sand grain size range. Mixtures of medium to fine sand and silt are found in a narrow (about 10-km wide) band along the coast, and in a narrow (again about 10-km wide) cross-shelf band extending from New York Harbor to the southeast along the Hudson Shelf Valley. Just south of the Hudson Shelf Valley are parallel elongated bands of gravelly sand associated with old meanders of the Hudson River (Schlee 1964) . Focusing further on the shelf off southern New Jersey in the vicinity of the endurance line, fine-scale variability in the nearshore mixed sediments associated with the small shore-oblique sand ridges has been noted (Twitchell and Able 1993) . But once beyond this narrow nearshore band, the entire cross-shelf section to the shelf break is dominated by the medium quartz sands overlaying the larger scale shore-parallel ridges often found at midshelf (Duane and Stubblefield 1988) .
A series of wave-current-sediment interaction studies in this region (Styles and Glenn 2005) characterized the mean sediment grain size diameter on this sandy shelf as 0.04 cm. The still water fall velocity of this size sediment grain is approximately 5.6 cm s 21 . The backscatter record from 1400 GMT (Fig. 6A) captures the transition from high backscatter throughout the water column (profiles 1 and 2) to low backscatter nearly to the bottom (profile 3). With six profiles in this hourly record, the time between profiles is approximately 10 min. If the backscatter was caused by resuspended bed sediment that then falls out of suspension after the forcing subsides, the sediment would have to fall a distance of approximately 30 m in 10 to 20 min, resulting in an estimate of the fall velocity between 5 cm s 21 and 2.5 cm s 21 . This estimate is consistent with the type of sediment that is widely available on the sandy MAB shelf (Amato 1994) and suggests that the storm resuspended the sediment from the sandy bottom.
Physical processes driving the sediment resuspensionSeveral factors can impact the resuspension and transport of sediment. These factors include storm-driven currents, waves, tides, bottom topography, and Langmuir circulation.
The importance of the surface waves in driving the backscatter variability was examined and appeared not to be the major mechanism driving the variability observed in the resuspended sediment. Waves spectral parameters (Fig. 7) were calculated from the bottom pressure sensor at the LEO cabled observatory using the methods of Tucker and Pitt (2001) . The distance between the LEO cable node and the glider was smaller than the synoptic scale of the storm winds (tens of kilometers compared with hundreds kilometers), especially during the westerly winds on the back-end of the storm. Wave heights, when atmospheric pressure was rising, decreased from 1.3 m to 0.7 m at a relatively steady rate. During that period the wave spectral peak periods increased. Similar observations from the NOAA weather buoy off of Delaware Bay (Fig. 5) indicated that the surface wave response was at the spatial scale of the storm. The larger wave heights early in the storm and the relatively steady peak periods produced large bottom orbital velocities that peaked at about 20 cm s 21 and decayed to about 15 cm s 21 . With the methodology of Glenn and Grant (1987) , bottom orbital velocities of this magnitude result in a Shields parameter that exceeds the initiation of motion criteria for the sediments in this region by about an order of magnitude (Traykovski 2007) . Although the waves are capable of mobilizing the bed sediment throughout this event, the highest bottom orbital velocities occurred earlier in the storm when the sediment was only suspended 10 m to the base of the pycnocline. The decrease in wave forcing was not expected if wave induced resuspension and wave-enhanced vertical mixing was the primary driver of the variability in the sediment resuspension near the end of the storm on 30 October. Because the angle between the currents and waves does not have a strong influence on the magnitude of the total boundary shear stress, slowly decreasing wave bottom orbital velocities, combined with the relatively steady current magnitudes discussed below, should, in theory, produce a relatively steady sediment resuspension profile in the water column.
As wave forcing was unlikely the primary driver for the sediment resuspension, the average vertical velocity of the glider was calculated for each profile during the storm (Fig. 7D) . The values averaged 14.5 cm s 21 with a standard deviation of 1 cm s 21 , and no noticeable trend over the record. Full water column Langmuir cells measured by Gargett et al. (2004) using a fixed current meter had vertical limbs that alternated between positive and negative vertical velocities about every 10 to 20 min. With cross-wind currents typically near 7 cm s 21 , they estimated the horizontal scale of the cells as 40 m to 70 m. The magnitude of the alternating upward and downward velocities matched the expected 0.008 times the wind speed rule used by Gargett et al. (2004) , producing a total vertical velocity difference exceeding 10 cm s 21 during the storm. During this study, the wind speed of $5 m s 21 resulted in an estimate of the velocity difference between the vertical limbs of potential Langmuir cells as $8 cm s 21 . The relatively steady glider vertical velocity of about 15 cm s 21 covers a typical 30-m surface-to-bottom profile in about 200 s. During this sampling interval, the glider is moving at typical horizontal speeds of 30 cm s 21 , covering a horizontal distance of about 60 m relative to the water. The horizontal scale of the glider sampling relative to the water is thus similar to the horizontal scale of the Langmuir cell limbs observed by Gargett et al. (2004) . The time series in Fig. 7D indicated there were no significant changes in the glider vertical velocities over time, and the full water column variations in optical backscatter occurred over longer timescales than that of individual profiles. Since both the glider and the potential Langmuir cells are advected by the same mean currents, the expected backscatter response for a glider crossing a Langmuir cell depends on the crossing angle associated with the glider's velocity relative to the water. For shallow crossing angles, we would expect variations on the scale of a few profiles, with variations in vertical velocity correlated with variations in the backscatter. For steep crossing angles, we would expect banding between low backscatter and high backscatter regions within a profile as the glider quickly crosses between upward limbs and downward limbs. Neither of these features in the detailed velocity or backscatter observations was observed. As noted by Gargett et al. (2004) , the fall transition storm they observed on the inner shelf did not exhibit evidence of Langmuir circulation even though particles were suspended throughout the full water column. The fall transition observed here also was forced by winds from the west, resulting in a reduced fetch for the breaking surface waves required for the Langmuir cells and the least likely wind direction to produce cells that reach the bottom (A. Gargett pers. comm.). We therefore conclude that while the end result of a full water column resuspension event is consistent with the expected impact of full water column Langmuir circulation cells, we cannot find evidence to support that conclusion in this storm.
Another mechanism potentially driving the resuspension of sediment is the interaction between the winds and currents (Fig. 8) . Winds from the Tuckerton Meteorological Tower were averaged for 1-h intervals to match the glider's observed hourly average of the depth average currents. On 29 and 30 October, the wind speed steadily decreased from 9 m s 21 to about 2 m s 21 (Fig. 8A) .
The average current speed runs about 20 cm s 21 , with local peaks near 25 cm s 21 at 0300 GMT and 30 cm s 21 at 1600 GMT. A local minimum is found near 1000 GMT coincident in time with the low backscatter observed in Fig. 8E . The wind vector (Fig. 8C) is relatively steady in direction, with only a slight shift from west to northwest about 0600 GMT and back again about 1700 GMT. In contrast, current directions are much more variable. To determine the nature of that variability, the M2 tidal constituent was extracted from the current data and is plotted in Fig. 8D along with the residual. The detided residual, like the wind, is remarkably steady in direction, flowing primarily in the alongshore direction, often 60 to 90 degrees to the left of the wind. The leftward turning of the currents relative to the wind result is similar to the unstratified seasonal average found by Kohut et al. (2004) on the inner shelf, and also during the passage of Hurricane Floyd (Kohut et al. 2006) . Hurricane Floyd followed nearly the same storm track as this northeaster, and as it passed the New Jersey shelf, currents throughout the water column observed by HF radar and acoustic Doppler current profilers were found to be about 60-90 degrees to the left of the wind direction. It appears that similar processes that result in the leftward turning of the current vector are consistent with the dynamics of the bottom boundary layer active at midshelf in the unstratified season.
Finally we examine the tidal component of the depth averaged current plotted in Fig. 8D . Maximum tidal velocities were slightly less than the residual and tended to flow in the across-shore direction. The peak in the offshore tidal flow occurred at 0900 GMT and corresponded exactly with the observed drop in optical backscatter in the water column. As soon as the tidal velocities reversed, and the tidal flow was again toward the coast, the optical backscatter again increased throughout the water column. Thus it appears that the observed variations in the full water column events are associated with an interaction with the tides.
This raises the question: What type of interaction is being observed? If the observed changes in optical backscatter were associated with advection, we would have expected to see the exact opposite behavior from that encountered here. Since more sediment is suspended nearshore as wave bottom orbital velocities increase, an offshore flow would be expected to increase backscatter while an onshore flow would be expected to cause a decrease. The timing of the observed variability in the backscatter, however, is consistent with resuspension processes if the nonlinear interactions of waves, tides, and currents similar to the modeling results of Keen and Glenn (1995) are considered. The geometry of the tides and residual flows is such that they enhanced the total flow during the high optical backscatter events and reduced the total flow during the low backscatter events. Because the sediment resuspension process is nonlinear, the differences in flow regimes were amplified. It therefore appears that understanding the full backscatter history of this storm must take into account the interaction of the surface and bottom boundary layers as the stratification erodes and the nonlinear interactions of the relatively steady alongshore residual current, the oscillatory tides, and the steadily decreasing wave bottom orbital velocities.
The time-varying effect of these processes on turbulent mixing was investigated using the backscatter profiles acquired by the glider. Assuming the particles are of a similar size class, optical backscatter intensity would be expected to be roughly proportional to sediment concentration. Based on the backscatter profiles, five time periods can be highlighted in Fig. 8E . The first time period corresponds to still stratified conditions near the storm peak. Backscatter profiles during this time period indicate that significantly larger sediment concentrations are expected in the bottom layer below the eroding pycnocline, but they then decay rapidly with increasing distance from the bed. The final four time periods occur after the transition to unstratified conditions. These time periods are characterized by alternating full water column bands of high and low backscatter. Compared with the first time period, sediment concentrations near the bed are slightly lower during the unstratified times, but there is little decay with distance from the bed.
Comparison with theory-Theory for describing suspended sediment concentration profiles in combined waves and currents is well developed (Glenn and Grant 1987; Styles and Glenn 2000) . Above the wave boundary layer, an assumed Fickian diffusion in the absence of self-stratification results in a standard Rouse profile
where C(z) is the concentration profile that varies with the vertical coordinate z, C(z r ) is the concentration at the arbitrary reference height z r , w f is the particle fall velocity, u * is the turbulent shear velocity, c is the assumed constant ratio between the unstratified eddy diffusivities of momentum to mass, and k is von Karman's constant. In the Fickian model, u * represents the tendency of turbulent diffusion to suspend sediment in the water column, and w f represents the tendency for the sediment to fall out of suspension. The ratio of w f to u * controls the slope of the concentration profile. If this ratio is small w f % u1 À Á , there is significant turbulent mixing, and very little decay of the sediment concentration as a function of distance from the bed.
The Rouse concentration profile in Eq. 1 plots as a straight line on log-log paper. Normalizing the concentration profile by the concentration at the reference height z r and taking the natural logarithm gives the following solution for the fall velocity to shear velocity ratio
The constant k 5 0.4 is well known, while quoted values for c typically range between 0.74 and 1 (Glenn and Grant 1987) . Assuming a value of c 5 0.8 gives a very simple equation for the w f /u * ratio, namely, it is negative half of the slope (assuming z is the independent variable on the log-log plot).
To develop estimates of the w f /u * ratio from the glider data, we assume, as suggested by the backscatter ratio (b b 470/b b 676) in Fig. 6B , that similar grain sizes dominate the resuspended material below the pycnocline during time period 1 and throughout the water column in time periods 2-5 of Fig. 8E . Similar size sediment grains leads to a second assumption that the observed backscatter is approximately proportional to the sediment concentration. With these simplifying assumptions in mind, the glider backscatter profiles were transformed into a coordinate system measured positive upward from the seabed and time averaged within each sampling interval to produce a time series of hourly profiles. The arbitrary reference height z r was chosen as 1.5 m above the seafloor, a point close to the bottom inflection point of the glider's sawtooth trajectory. Choosing a reference height even closer to the bed would affect the time average, with fewer and fewer points available as the glider typically completed its inflection and turned back toward the surface just below this level. The time average backscatter profile is then normalized by the observed backscatter at the reference height of 1.5 m for each hourly segment. Using the normalized backscatter profiles as a proxy for the normalized sediment concentration profiles, we plot the natural logarithm of the normalized backscatter as a function of the natural logarithm of the normalized height above the seabed (Fig. 9) . For each of these 20 hourly profiles distributed across the storm resuspension event, the hourly average density profile is also plotted on the same vertical scale.
Density profiles in Fig. 9A-F show how the weakened summer pycnocline is eroded during this mixing storm. Initially (Fig. 9A) , the bottom of the pycnocline is found near a height of ln (z/z r ) 5 1, which in physical space corresponds to a height of 4 m above the bed. Density in the well-mixed bottom layer begins the time series near a value of s 5 23.87. Over time, the height of the well-mixed bottom boundary layer grows, causing the bottom of the pycnocline to move upward, away from the bed until the full water column is well mixed (Fig. 9G) at a density similar to the initial bottom boundary layer. For the next 10 h, the water column remains well mixed while the density steadily increases. Near the end of the event (Fig. 9R-T) , the stratification slowly builds in the upper portion of the water column.
The time history of the normalized backscatter profiles is clearly linked to the evolving density structure. In the wellmixed bottom boundary layer, consistent with the theoretical structure implied by the Rouse profile, the relative backscatter profiles decay along a straight line when plotted on this log-log scale until the bottom of the pycnocline is reached. At that point, even the small amount of stratification caused by the temperature and salinity structure appears to be enough to inhibit the vertical turbulent flux of sediment and significantly limit the amount of resuspended material reaching the upper water column. As the storm progresses and the bottom of the pycnocline moves upward so does the region in which the relative backscatter profiles exhibit the straight line Rouselike behavior. By Fig. 9G and beyond, the pycnocline is gone, and the normalized backscatter profiles are Rouselike over the full water column.
To calculate the slope of each normalized backscatter profile in the bottom boundary layer, a straight line was fit to the normalized backscatter values below the pycnocline in Fig. 9A-F , and for the full water column for the remainder. R 2 values for the fit during the initial stratified period range from 0.94 to 0.99 and average 0.98. During the full water column resuspension events, however, the best fit line is nearly vertical. When comparing the vertical lines with the data points, the fits appear to be of similar quality as earlier in the storm. The resulting R 2 statistic, however, no longer adequately characterizes the quality of a nearly vertical line fit, so a different statistic is needed. We therefore adopted the root mean square (RMS) difference between the best fit line and the actual points and track this value across the full time series (Fig. 10A) . The natural log of the relative concentration typically varies between 0 and 23 for each of the 20 profiles, with RMS differences of the fit two orders of magnitude lower, averaging 0.05 and ranging from 0.02 to 0.11 over the interval. Based on the slope of the best fit straight lines, the resulting w f /u * ratio is plotted in Fig. 10B . Early in the storm when the water column was stratified, the velocity ratio is similar to what would be expected for wave-current induced sediment resuspension in shallow water during a storm. After the stratification is lost, the ratio drops by nearly an order of magnitude. If wave-current interaction was the only mechanism for enhanced turbulent mixing in the water column, this would imply that the combined wave and current bottom stress was significantly increasing while the currents are steady and the wave bottom orbital velocities were dropping. While there may be a drop in the fall velocity during this time period to partially compensate for the lower ratio, an order of magnitude drop in fall velocity would require a similar scale drop in grain size. Optical data does not support this based on changes in the absolute values and spectral backscatter ratios. The final possibility is the interaction with the turbulence in the wind-driven surface layer with the wave-enhanced bottom boundary layer; however, observations of this type of interaction are sparse.
Potential sediment transport during the storm-To determine the potential effect on sediment resuspension and transport, the total integrated backscatter was calculated for each profile, and the integrated backscatter was multiplied by the depth average current, the only water column current observation available from the glider, to estimate the associated transport ( Fig. 10C-E) . During the early part of the storm when the water column was stratified and the high sediment concentrations were confined to the lower layer, using the full depth averaged current would likely overestimate the transport. Three peaks in the estimated total load of resuspended sediment were observed, all of similar magnitude. The lowest of the three peaks was the first, occurring during the early stratified portion of the event when surface waves were the highest. Even though near bottom sediment concentrations were lower during the peak load time periods after the stratification was eliminated, the full water column appears to be capable of supporting a larger total amount of sediment in suspension. In contrast to the total suspended load estimates, the time series of depth averaged current speeds inferred from the glider has two broad peaks, with the low speeds observed between 0700 and 1000 associated with the time-varying tidal currents opposing the relatively steady storm-driven flows. This period of low currents corresponds to a time period of low integrated backscatter. Transport estimates have a similar pattern to the sediment load, with three peaks during the storm event. The high sediment load and strong current speeds result in the greatest transport occurring over 12 h after the waves started decreasing. During this decay phase of the waves after the stratification is lost, the highest transport occurs in a pair of short 3-to 4-h duration hops. This example illustrates that the greatest sediment transport is not necessarily tied to the peak of the storm, and that the total history of the storm, which likely spans a cycle or two of the tide, must be considered when examining sediment transport patterns on this shelf.
Discussion
Optical data sets from the glider transects have been examined (Glenn et al. 2004a ) and used to identify at least three cross-shelf regimes for sediment transport on the MAB shelf: (1) the inner shelf with persistently high optical backscatter and a seasonal pycnocline that can be present or absent depending on the history of upwelling or downwelling favorable winds, (2) the midshelf where a persistent seasonal stratification limits the direct linkages between the upper wind-driven boundary layer and the lower combined wave and current boundary layer until a fall transition storm mixes the full water column, and (3) the outer shelf where the depths limit the effect of surface waves to only the most severe storms. Most previous sediment transport studies on the New Jersey shelf are focused either on the ridge and swale topography of the inner shelf, or on the Hudson Shelf Valley (Harris et al. 2003) , and all use traditional bottom tripods with fixed instruments. The ability to use inexpensive mobile profiling glider platforms opens up much larger regions for future long-term study.
In the relatively unexplored sediment transport regime of the midshelf of the MAB, glider observations have provided new challenges for coupled physical-sediment transport models. Detailed analysis of the mixing storm revealed that even a small amount of stratification appeared to restrict mixing of sediment across the weakened summer pycnocline. Mixing of the full water column did not occur during the peak winds and waves but did occur later in the storm as the bottom boundary layer grew to fill the water column. Tides and surface waves appeared to enhance turbulent fluxes that mixed sediment throughout the water column once the stratification was eroded. Consistent with the type of bottom sediment available in this midshelf region, these particles rapidly dropped out of suspension whenever the combined current, tide, and wave forcing declined. Other reasons for the observed variability were ruled out. Bottom sediments at midshelf in the vicinity of the Tuckerton endurance line are relatively uniform. One full water column resuspension event occurred on the onshore side of a midshelf ridge, the other on the offshore side. Mean currents estimated from the glider drift also indicated that the changes in the vertical distribution of suspended sediment were not associated with changes in the advection directions. Sediment resuspension and transport peaks were not tied to the peak in the wave bottom orbital velocities, lacked evidence for full water column Langmuir cell activity, and appeared to be more correlated with the interactions between relatively steady storm currents, tides, and declining waves rather than the topographic variations in space. This indicated the potential for nonlinear coupling between the three flow components, a new field result consistent with previous modeling studies of the New Jersey shelf.
A significant advance developed here is the use of profiling optical sensors on mobile platforms to provide quantitative estimates of the shape of sediment resuspension profiles. The shape of the normalized time-averaged backscatter profiles is consistent with the theoretical shape derived from the conservation of sediment mass equation using standard closure techniques, namely, that the sediment concentration is expected to decay with distance from the bed along a line of constant slope on a log-log plot. The observation that the slope of this line changes significantly as soon as the stratification is eroded but the backscatter ratio at two frequencies does not has significant implications for the role of turbulent mixing. It implies that once the bottom boundary layer grows to fill the water column, the characteristic turbulent velocity scale increases, possibly due to the now unhindered interaction of surface and bottom boundary layers. The dominance of a bottom boundary layer response of the water column during a strong tropical storm forcing event on the inner shelf of New Jersey was similarly noted by Kohut et al. (2006) .
Future advances-The ability to average subsequent optical backscatter profiles sampled by a single profiling sensor and return mean profiles with shapes consistent with theory opens up new possibilities for future sediment transport studies. The new perspective is similar to the first near bottom current profiles returned from the Coastal Ocean Dynamics Experiment (CODE) (Grant et al. 1984) , where the log profiles acquired in the bottom boundary layer with new acoustic current meter technologies provided clear evidence of wave-current interaction and prompted years of research using similar sensors mounted on tripods. The subsequent and still continuing observations of near bottom current and sediment concentration profiles using both acoustic and optical sensors mounted on tripods, some attached to cabled seafloor observatories, prompted further refinements of the theoretical models for the current and suspended sediment profiles in the near bed constant stress layer. These advanced bottom boundary layer models have been coupled to three-dimensional physical circulation models through community based efforts (Sherwood et al. 2000) , but validation data sets of observed sediment responses for three-dimensional models are few. While many acoustic sensors can acquire water column profiles, optical, temperature, and salinity sensors collect point measurements and thus require either multiple crosscalibrated sensors maintained in a vertical array or single sensors that must be profiled through the water column. Profiles of suspended sediment are required to evaluate the observed gradients in the sediment mass conservation equation used in theoretical models. But multiple crosscalibrated sensors are expensive to acquire and logistically difficult to operate, especially considering the resolution required to resolve the vertical gradients often observed at meter or finer length scales. Fixed autonomous profilers can potentially cycle a suite of sensors through the water column, but few autonomous profilers have proved their durability. Cabled observatories allow for point profiling; however, they fix the location of the studies to the installed node locations. Autonomous underwater gliders are emerging as a transformational tool for sediment transport scientists that will extend data collection beyond fixed platform locations. The gliders have already demonstrated they can be synergistic with traditional sediment transport studies from fixed platforms, providing a spatial perspective not readily available from a single point. Key to the gliders' success is their ability to carry flexible sensor payloads, their ability to remain deployed for long time periods compared with the length of a storm, and their potential for conducting adaptive sampling experiments.
These observations provide a framework for designing future experiments to study sediment transport to improve theoretical models. In the MAB, deploying gliders with optical sensors into all three cross-shelf regions simultaneously to collect storm data during both the stratified and unstratified time periods is possible since gliders are relatively inexpensive. Distributed arrays of optical gliders also could be used to study the role of advective processes. Turbulence sensors that are just now being deployed on gliders will enable observations of the details of the mixing profiles to help resolve questions of coupling between surface and bottom boundary layers. The combination of traditional and new sensors will help answer questions on the mixing processes responsible for the vertical profiles of suspended sediment, the timing of sediment loads relative to the wave, Langmuir cell, tide, and storm current forcing, and the variations in sediment loads in space in relation to topographic features or fronts. Ultimately this will provide guidance on which processes need to be included in bottom boundary layer and sediment transport models. Model sensitivities will in turn provide guidance on which processes need to be further sampled and studied. The ability to rapidly adjust glider sampling schemes makes them an attractive interactive platform for future storm studies.
